This work describes high-resolution propagation measurements performed as a diagnostic survey in an operational UMTS network. The results were obtained using the measurement system previously presented in [1]. Measurements were performed in a dense urban environment in Amsterdam, the Netherlands. Results showed that the measurement approach can be used to create a setup that is similar to the actual network scenario, and that is capable of accurately identifying the dominant propagation effects while moving through the environment. The results are especially important for mobile-system operators, because they revealed some of the causes of inadeq" uate propagation prediction. This underlined the limitations of propagation-prediction models currently used by most mObile-system operators, and the importance of accurate propagation information to obtain the optimal network configuration.
Introduction
T he complexity of radio propagation in urban environments makes it increasingly difficult to fully understand and accu rately predict propagation behavior in order to achieve an optimal network configuration [2, 3] . As better radio-propagation meas urement systems become available, the limitations of the propaga tion-prediction tools that network operators use become more apparent. This also makes it clear that networks designed with such tools have a significant probability of being sub-optimal [4, 5] . It is known to operators that in specific areas in operational radio net works, propagation phenomena can cause unexpectedly poor per formance. This includes limited coverage, dropped calls, decreased data rates, and unexpected handovers. In order to obtain better insight and possibly solve these issues, more knowledge about the actual propagation effects is required. The use of more-advanced propagation-prediction methods, based on ray-launching or ray tracing, can give more insight [6] . However, these models require accurate calibration, and do not always include all dominant propagation phenomena for the environment under test. Al though the results of "drive tests" are sometimes used in an attempt to obtain more insight into the propagation phenomena, they merely give an observation of the effects. The quality and resolution of these results are limited, and only signal strengths are measured.
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To date, only a few methods exist that can accurately identify the propagation effects in mobile scenarios. In [7] , a measurement system was described based on a virtual uniform circular array that could be used to characterize the angular properties of the channel at the receiver in a static scenario with high resolution in azimuth, but with limited resolution in elevation. In [8] , a method was pre sented based on a virtual rectangular array lattice to obtain improved elevation resolution. Due to the large measurement duration, this system could only be used for static measurements.
In [9, 10] , systems were presented based on spherical and semi spherical switched arrays that are capable of measuring radio channels at the receiver while moving; however, the performance in both angular domains was poor. Measurements of the directional propagation effects at both the transmitter and receiver were reported in [11, 12] , using the Elektrobit PropSound Channel Sounder [13] . Similar measurements were also reported in [14, 15] , using the RUSK ATM channel sounder [16] . Although these dou ble-directional measurements provided much information about the double-directional propagation behavior, the system complexity either limited the ability to perform measurements while moving through the environment, or limited the angular-resolution per formance.
The measurement approach presented in [1] was capable making very accurate angle-of-arrival (AOA) and delay measure-ments, enabling the accurate characterization of the dominant propagation effects with high resolution and under mobile condi tions. In the work described here, it is shown that this approach can be very helpful in obtaining more insight into propagation phe nomena in real-world scenarios. The use of video data allows identifying the important scatterers, and relating the propagation effects directly to the environment. This information is very useful for system operators in order to improve network performance by adequate propagation prediction.
In the framework of a collaboration between the Eindhoven University of Technology (TU/e) in the Netherlands, the Nether lands Organization for Applied Scientific Research on Information and Communication Technology (TNO ICT), and Koninklijke PIT Nederland (KPN), the measurement system was used as a diagnos tic tool in a dense urban environment. In this specific environment, poor performance was previously observed from the results obtained from "drive tests." The poor performance was caused by unexpected reduction of the power of the desired base-station (BS) signal and interference from a neighboring base station. The propagation phenomena that cause these effects are not predicted by the type of propagation models that are currently used by most mobile-system operators, including KPN. This means that it is impossible to improve the network performance in these areas based on the current propagation models. In order to identify the propagation phenomena that caused the Poor performance, the high-resolution measurement system was configured such that it generated propagation behavior similar to the actual network, and measurements were performed in the area.
This paper describes the diagnostic survey and the results of the analysis. It is shown that the measurement approach can be used to generate a real network scenario. It is shown that the approach is capable of accurately identifying the dominant propa gation effects with high resolution while moving through a real world urban scenario.
Firstly, Section 2 describes the scenario, the environment, and the problems in terms of poor performance and interference.
Secondly, Section 3 discusses the initial propagation-prediction results used for the network design. In Section 4, the measurement setup and procedure, as well as the results of the measurements, are presented. Here, the effects of shadowing and, moreover, reflections by irregular surfaces, are shown to be significant. Fur thermore, the limitations of the currently used propagation-predic tion model, and the importance of improved propagation modeling, are illustrated. Finally, conclusions are drawn in Section 5.
Scenario Description
The area that was selected for measurements is shown in 
Stochastic Empirical Prediction Results
The network was designed such that the area along the main wide street was served best by Base Station I. This was confirmed by the results in Figure 2b , which showed the best server area for Although this took local information into account in a broad sense, no information about reflections, backscattering, delay spread, or angular spread was considered. As a result, propagation predictions for dense urban areas often contained errors.
Measurements
Measurements were performed in the area in an earlier study by KPN. The results for the received power along the trajectory, as well as the predicted values, are shown in Figure 3a . For Base Sta tion I, the received power was considerably below the predicted value, whereas for Base Station 2, the power at some positions was above the predicted value. As a result, the received power of the undesired base station was above that of the desired base station at several positions, which caused undesired handovers and a reduc tion in performance. To obtain more insight into the propagation phenomena that were significant in this area, and to find possible causes for the propagation-prediction errors, measurements were performed using the high-resolution measurement system
1 Setup and Procedure
Two independent measurements were performed in which the transmitter was placed at both base-station locations. The trans mitting antenna consisted of an 8 dBi waveguide hom antenna, with an azimuthal half-power beam width of 55°. A tripod was used to elevate the antenna such that it was in almost the same position and had the same orientation as the original base-station antenna:
this is shown in Figure 4 for Base Station 2, as an example.
Although there was a difference in the beamwidths between the hom antenna and the base-station antennas mentioned in Section 2, this was not considered very important in the diagnostic analysis presented here.
In the first experiment, the transmitting antenna was A total of 9900 array snapshot sets of 10 snapshots were used for the angle-of-arrival estimation [18] , which meant that a channel estimate was available every 4.5 cm, corresponding to 0.34 wave lengths.
Results
In Figure 3b found that these distinct components were caused by reflections from lampposts, traffic signs, and plane metallic objects.
A number of other more-diffuse and less rapidly changing components were also visible. By using the omnidirectional cam era data, these components could be related to reflections from irregular (building) surfaces and objects, and through-building .,
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-60 "E' Other type of models, e.g., ray-based models [3, 19] , will need to be considered in order to include propagation effects that cause energy to arrive via paths other than only the direct path.
However, the use of ray-based models for diagnostic site analysis will not always be the right solution, since the dominant propaga tion phenomena may not all be correctly included in the model. The results from diagnostic measurements, as presented here, may lead to extensions, improvements, and better calibration of ray based models. When a more in-depth analysis of a specific area is required, the use of these improved ray-based prediction tools can then be used to improve the network configuration.
Conclusions
In this paper, a high-resolution measurement system was used as a diagnostic tool in a dense urban environment in order to identify the causes of unexpected interference and signal degrada tion in an active cellular network. It was shown that the measure ment system can be configured so as to operate in propagation conditions similar to those that influence the operation of live operating systems, in order to identify the causes of unexpected interference and desired signal degradation in the corresponding active cellular system. The high-resolution capabilities, and the combination of omnidirectional video images and measurement data, make it possible to directly identify propagation effects in a real network scenario while moving through it.
The results underlined the limitations of current propagation models used by operators in existing and -even more importantly -future networks. It was shown that shadowing and reflections from irregular building structures are important phenomena that are currently not accurately modeled, and this can lead to network problems in more-complex environments. More accurate propaga tion modeling is needed in complex environments. The use of advanced propagation measurements can help provide the insight needed for the development of such models.
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